Background-The efficacy of ibutilide in conversion of atrial fibrillation and flutter (AFL) has been demonstrated.
C linical trials have demonstrated the efficacy of ibutilide, a class III antiarrhythmic agent, in conversion of atrial fibrillation and flutter. [1] [2] [3] Ibutilide selectively blocks the rapid-activating delayed potassium rectifying current, I Kr , and may enhance a slow inward sodium current during the plateau phase of the action potential. 4 -6 Recent data have shown that ibutilide increases atrial effective refractory periods (AERPs) and leads to significant variability in cycle length (CL) of typical atrial flutter (AFL) before termination. 7, 8 In addition, others have noted that atrial overdrive pacing (AODP) is more effective in terminating AFL after ibutilide infusion. 9 The purpose of the present study was to define the mechanisms of AFL CL variation and AODP-induced AFL termination with ibutilide.
Methods

Patient Selection
Twelve consecutive patients with AFL were studied between September 1996 and March 1997. Eleven were males, and the average age was 65.8Ϯ13.7 years (range 35 to 79 years). Three had no structural heart disease; 3 had coronary artery disease; 2 had hypertension; 4 had moderately decreased left ventricular ejection fraction; and 1 had moderate mitral regurgitation. All had normal thyroid function tests. None had clinical evidence of myocardial ischemia. None were taking antiarrhythmic medications or digitalis. ␤-Antagonists or calcium channel blockers were discontinued at least 3 half-lives before the study. These patients were included in our previous report on AFL acceleration by programmed electrical stimulation. 10 
Electrophysiological Testing
Patients were admitted to the electrophysiology laboratory in a postabsorptive and unsedated state. Venous access was obtained with 7F and 8F sheaths in the right internal jugular and femoral veins. A 20-pole catheter was placed in a counterclockwise orientation against the tricuspid annulus with its distal tip at the lateral entrance point to the isthmus between the tricuspid annulus and the eustachian ridge (TA-ER isthmus) and its proximal electrode at the high interatrial septum, as shown in Figure 1 . Atrial activation at the anterior septum and coronary sinus was also recorded. A 4-mm-tip radiofrequency ablation catheter was placed within the TA-ER isthmus. Pulse oximetry and vital signs were monitored throughout the study.
The 12-lead surface ECGs and intracardiac signals were recorded with a computerized multichannel data acquisition system (CardioLab by Prucka Engineering Inc). Intracardiac signals were filtered with low and high cutoff frequencies of 30 and 500 Hz, respectively, with a sampling frequency of 1000 Hz. Programmed stimulation was delivered through a programmable stimulator (Bloom Associates, Ltd).
The diagnosis of AFL was confirmed by a typical endocardial activation sequence and evidence of concealed entrainment from the TA-ER isthmus. After baseline electrophysiological parameters were measured, 2 mg of ibutilide was administered over 15 minutes intravenously. These electrophysiological parameters were determined 10 to 20 minutes after ibutilide infusion if the AFL persisted.
Determination of AERP and Resetting Response Curve
Single atrial extrastimuli (AES) at twice the diastolic pacing threshold with a 2-ms pulse width were delivered in the TA-ER isthmus. The coupling interval of the AES was progressively decreased at 5-to 10-ms decrements to scan the entire AFL cycle. The AERP in the TA-ER isthmus was defined as the longest AES coupling interval that failed to result in local atrial depolarization. The excitable gap was determined as the range of coupling intervals that advanced local activation in the TA-ER isthmus and reset AFL.
The resetting response curve (RRC) was derived by plotting the return cycle in response to an AES against the coupling interval of the AES during AFL. Because of the pacing artifact in the TA-ER isthmus signals and variable latency in local capture, we chose to use corresponding atrial electrograms from the closest recording site in the orthodromic direction. For example, local atrial electrograms from the coronary sinus os were used to measure the coupling interval of the test cycle and the return cycle during counterclockwise AFL (Figures 2A and 2B) . Likewise, atrial electrograms from recording site TA1 were used in clockwise AFL (Figure 1) . We defined the test cycle as the interval between the last atrial electrogram before the pacing stimulation and the advanced atrial electrogram in response to the pacing stimulation and the return cycle as the CL of the immediately following cycle. Resetting is defined as sequential advancement of local atrial electrograms in all recording sites within the AFL circuit in response to the test stimulation without change in the overall activation sequence. To compare baseline RRCs with those after ibutilide, we normalized the return cycle and the test cycle by expressing them as percentages of the prevailing AFL CL (Figure 2) . We defined the flat portion of the RRC as the portion of the curve where the return cycle did not exceed 5 ms over the AFL CL ( Figure 2C ). Because of the significant CL variability after ibutilide, average AFL CL over 5 consecutive beats was used as the prevailing AFL CL.
Measurements of Right Atrial Conduction Times and AFL CL Variability
We defined the TA-ER isthmus conduction time, CTi, as the difference in local activation time recorded from the distal electrode of the 20-pole catheter and the coronary sinus os (Figure 1) . We defined the conduction time, CTni, through the remainder of the right atrium by subtracting CTi from the AFL CL. CL variability during AFL was quantified by its standard deviation over 5 consecutive beats, coefficient of variation (defined as the standard deviation divided by the mean CL over 5 consecutive beats times 100%), and the difference between the maximum and minimum CL within the 5 consecutive beats.
Termination of AFL by AODP in the TA-ER Isthmus
AODP was performed at baseline and after ibutilide. The pacing CL was selected to be 20 to 70 ms below the AFL CL at baseline, except in patient 7, in whom aggressive AODP at a CL of 100 ms was used. After ibutilide infusion, AODP CL was initially selected to be 20 to 50 ms below the prolonged AFL CL and then progressively decreased until it reached the minimum pacing CL used at baseline or the AFL was terminated.
After the study protocol, patients underwent radiofrequency AFL ablation. The Institutional Review Board of the University of California San Francisco Medical Center approved the study protocol. Informed consent was obtained from each patient.
Statistical Analysis
Statistical analyses were performed with commercial software (Excel 4.0, Microsoft Corp). Variables are reported as meanϮSD. Comparison between means was performed with 2-tailed t test. A probability value of Ͻ0.05 was considered statistically significant.
Results
Eleven patients had counterclockwise AFL with negative flutter waves in the inferior surface ECG leads. Clockwise AFL was induced in 1 patient with paroxysmal AFL with predominantly positive flutter waves in the inferior surface ECG leads. During baseline study, AFL was terminated in 3 patients after a transient episode of double-wave reentry. 10 In 2 of them, AFL could not be reinduced, and ibutilide was not given. Ibutilide increased the corrected QT interval, determined by Bazett formula, from 428Ϯ40 to 498Ϯ45 ms (PϽ0.001). No patient had adverse effects such as torsade de pointes. In 2 patients, spontaneous AFL termination was observed with ibutilide infusion. AFL terminated with block in the TA-ER isthmus in 1 patient. In the other, a premature atrial depolarization or breakdown of the lateral boundary occurred in the lower right atrium that had an activation sequence similar to lowerloop reentry pattern. 11
Effects of Ibutilide on AFL CL and Intra-Atrial Conduction Times
In 10 patients who received ibutilide, AFL CL increased significantly from 260Ϯ29 to 295Ϯ39 ms (PϽ0.0003) after ibutilide infusion (Table) . As shown in the Table, the prolongation of AFL CL was primarily due to slower TA-ER isthmus conduction in 3 patients (patients 6, 9, and 11), slower conduction in the nonisthmus right atrium in 6 patients (patients 2, 3, 5, 7, 10, and 12), and significantly slowed conduction in both the TA-ER isthmus and the nonisthmus right atrium in 1 (patient 1). Ibutilide increased the maximum difference in AFL CL from 7.6Ϯ3.3 to 14.3Ϯ4.9 ms (PϽ0.005), increased the standard deviation in AFL CL from 3.1Ϯ1.4 to 5.5Ϯ2.0 ms (PϽ0.02), and increased the coefficient of variation from 1.25Ϯ0.70% to 1.86Ϯ0.68% (Pϭ0.034).
Effects of Ibutilide on Atrial Refractoriness
AERP increased from 149Ϯ16 to 208Ϯ26 ms after ibutilide (PϽ0.001). The excitable gap decreased from 101Ϯ36 to 71Ϯ27 ms (Pϭ0.003). The percentage of the AFL CL occupied by the excitable gap dropped from 39.5Ϯ10.2% to 25.0Ϯ8.0% (PϽ0.001).
RRCs were constructed in 8 patients at baseline and after ibutilide. At baseline, the RRC consisted of a flat portion on the right side that represented a fully excitable gap, followed by an upward slope that represented the relative refractory period, as the test cycle approached the AERP (Figures 2A  and 2C ). Ibutilide shifted the RRCs rightward, with complete loss of the flat portion, which indicated the loss of a fully excitable gap (Figures 2B and 2C) . Therefore, the AFL circuit was operating in its range of relative refractoriness after ibutilide infusion. The slope of the RRC was approximated by linear regression in 6 patients. In these patients, the slope became much steeper (from Ϫ0.76Ϯ0.05 to Ϫ0.97Ϯ0.08, Pϭ0.001). In the remaining 2 patients, the slope was not calculated because the RRC was shifted so markedly rightward that it contained fewer than 4 data points after ibutilide infusion.
Atrial Overdrive Termination of AFL After Ibutilide
We assessed the effects of AODP in 8 patients in whom AFL persisted after ibutilide infusion. AFL was not terminated with driving CL 20 to 70 ms below the AFL CL at baseline. As shown in Figure 3 , AODP at a comparable or even longer CL successfully terminated AFL (AODP CL 227Ϯ26 at baseline versus 240Ϯ32 after ibutilide infusion, PϾ0.06). AODP after ibutilide infusion may terminate AFL by orthodromic block of the paced impulse with antidromic collision (Figure 4A ). In 7 (87%) of the 8 patients, however, AFL termination by AODP after ibutilide occurred without such orthodromic block. Instead, there was formation of new functional conduction block as evidenced by development of double potentials ( Figure  4B ). Thereafter, new nonsustained faster rhythms were induced (Figures 3 and 4) . 
Discussion
Mechanism of CL Variability and Conduction Slowing During AFL in Response to Ibutilide
One of our major findings was the complete loss of a fully excitable gap in the AFL circuit after ibutilide (Figure 2 ). Our data are consistent with previous reports on the effects of ibutilide. 7, 8 However, we have further demonstrated that the right atrium operates in its range of relative refractoriness during AFL after ibutilide infusion. The right atrial conduction time became prolonged as the incoming flutter wave front encroached on the relative refractory tail of the preceding flutter wave front. Guo et al 7 speculated that ibutilideinduced changes in action potential duration (APD) and atrial refractory period "may be the primary driving force producing oscillations of cycle length." Recent data indicated that increased APD variation in the right atrium, measured by monophasic action potential, coincided with increased CL variability and shortened diastolic interval. 12 Given these findings and the present data, elimination of the fully excitable gap is the most likely cause for such beat-to-beat change in atrial refractoriness and CL variability, as well as APD alternation.
We have shown that the prolongation of AFL CL may result from slower conduction in either the TA-ER isthmus, the nonisthmus right atrium, or both, which indicates the effects of ibutilide are not limited to the TA-ER isthmus. Tai et al 8 demonstrated that ibutilide did not decrease atrial conduction velocity in the TA-ER isthmus until the pacing CL was shortened to the range of AFL. This finding further supports our hypothesis that the prolonged conduction time and increased AFL CL are indirect effects of ibutilide that result from encroachment of the atrial relative refractory period. However, they did not find a statistically significant decrease in conduction velocity in the right atrial free wall with ibutilide, which suggests the effects of ibutilide may be limited to or more dominant in the TA-ER isthmus. 8 Their data only showed a trend toward decreased conduction velocity in the right atrial free wall at a pacing CL that was comparable to the AFL CL after ibutilide infusion. Several factors may help to explain the difference between the present data and the findings by Tai et al. 8 First, the dose of ibutilide in the present study was higher than that used by Tai et al 8 (2 mg versus 0.02 mg/kg), so the effects of ibutilide may have become more apparent. Second, accurate measurement of conduction velocity is difficult if the 20-pole catheter in the right atrium is not placed in a direction exactly parallel to the direction of the activation wave front. In the present study, we minimized the impact of catheter orientation by measuring conduction time instead of conduction velocity. Because the catheter orientation is reasonably parallel to the direction of propagation in the TA-ER isthmus, it is not surprising to see more comparable results in isthmus conduction between the All intervals are expressed in ms. BCL and ICL indicate AFL CL before and after ibutilide; BCTi and ICTi, TA-ER isthmus conduction time before and after ibutilide; BCTni and ICTni, nonisthmus conduction time before and after ibutilide; ⌬CTi/⌬CL, ratio of changes in TA-ER conduction time and AFL CL due to ibutilide; ⌬CTni/⌬CT, ratio of changes in nonisthmus conduction time and AFL CL due to ibutilide.
Ibutilide-Induced Changes in AFL Cycle Length and Right Atrial Conduction Times
In patients 4 and 8, AFL was terminated by AODP at baseline. present study and that by Tai et al. 8 Tai et al 8 showed that ibutilide increased the AERP by a similar magnitude in the TA-ER isthmus and the other parts of the right atrium, which supports the notion that ibutilide effects in the right atrium are generalized.
We assessed conduction times in the TA-ER isthmus and the remainder of the right atrium simultaneously. Conduction in one segment of the AFL circuit affects conduction in the subsequent segment in a reciprocal fashion because the right atrium operates in a state of relative refractoriness during AFL after ibutilide. Any slowing in the septum or right atrial free wall may lessen or even mask the effect of ibutilide on conduction velocity in the TA-ER isthmus and vice versa. This may explain the different effects of ibutilide on right atrial conduction times among individual patients (Table) .
Mechanisms of AFL Termination by AODP After Ibutilide Infusion
AODP termination of AFL is a well-recognized phenomenon. 13, 14 It may result in orthodromic block and antidromic collision with the tachycardia wave front, leading to annihilation of the reentrant tachycardia ( Figure 4A) . However, the present data suggest an additional mechanism that may be operative in the setting of increased refractoriness. As described previously, 9 AODP often does not result in a clean termination of AFL. Rather, there were rapid transitional atrial rhythms before reversion to sinus rhythm. With increased atrial refractoriness after ibutilide infusion, rapid AODP may favor the formation of arcs of functional blocks, as suggested by the development of double potentials 15 ( Figure 4B ). Such newly formed functional blocks may serve as the substrate for 1 or more reentrant circuits and lead to more rapid reentrant rhythms that supplant the slower macroreentrant AFL. These new rapid rhythms then became quickly extinguished, probably because of the prolongation of AERP by ibutilide that exceeded the conduction time around the arcs of functional block. However, the present data do not provide conclusive evidence to exclude other focal mechanisms, such as triggered activity, for these new rapid rhythms, in part because of the limited recording sites.
Study Limitations
We did not measure conduction velocity. We chose to measure conduction times to avoid the pitfalls one might face measuring conduction velocity with the standard catheter technique. It is reasonable to assume that with ibutilide infusion, the actual length of the AFL circuit pathway does not change significantly.
The repeat stimulation protocol was performed only 10 to 20 minutes after infusion of ibutilide, leading to a lower spontaneous conversion rate from AFL to sinus rhythm. A short study period did not allow us to quantify the temporal trend of changes in atrial electrophysiological properties in response to ibutilide. A steady state of ibutilide plasma level was not maintained during the present study. However, one would expect little change in plasma level over the 10-minute period during which we measured electrophysiological parameters.
We did not derive the resetting curve from the TA-ER isthmus because of technical difficulties. However, the coronary sinus os and lower lateral right atrium are considered part of the AFL circuit. Furthermore, we cannot comment on the effects of pacing at sites other than the TA-ER isthmus.
Conclusions
Consistent with its cellular electrophysiological effects, ibutilide prolongs AFL CL indirectly by eliminating the fully Figure 4 . Mechanisms of AODP termination of AFL after ibutilide infusion. After ibutilide, AODP terminated AFL with orthodromic block of paced impulse and antidromic collision of paced impulse with native AFL wave front (A). Note fragmented potentials at proximal coronary sinus (CSprox) that indicated formation of new regions of conduction slowing/block near septum with rapid pacing in setting of increased refractoriness due to ibutilide. B, Illustration of other mode of AFL termination by AODP after ibutilide infusion. There was no orthodromic block of paced impulse during entire pacing period as evidenced by 1:1 capture of CSprox with fixed stimulation-to-local-electrogram interval. However, there was slow conduction before pacing at anterior septum as evidenced by fragmented electrogram. With first captured beat (marked by first hollow star on left), double potential developed at same site, with first component (E1) being dominantly positive and second component (E2) dominantly negative, which persisted during pacing. Tachycardia terminated spontaneously shortly after pacing. Proposed mechanism of this different mode of AFL termination is depicted in lower right inset of panel B with simultaneous conduction block in TA-ER isthmus and around newly formed line of functional block. CSdist indicates distal coronary sinus; SVC, superior vena cava; CT, crista terminalis; and IVC, inferior vena cava.
